Purpose: To investigate retinal blood flow and oxygen saturation changes in patients diagnosed with retinopathy following plaque radiation treatment to treat choroidal melanoma. Methods: Eight patients (mean age 55.75 years, SD 12.58 years) who have developed unilateral ischaemic radiation-related retinopathy as confirmed by widefield fluorescein angiography were recruited for the study. The fellow eye with no other ocular or retinal pathology was used as control. Both eyes underwent measurement of total retinal blood flow (TRBF) and retinal blood oxygen saturation using prototype methodologies of Doppler Spectral Domain Optical Coherence Tomography (OCT) and Hyperspectral Retinal Camera, respectively. Results: The average TRBF in the retinopathy eye was significantly lower compared to the fellow eye (33.48 AE 12.73 ll/min versus 50.37 AE 15.26 ll/min; p = 0.013). The arteriolar oxygen saturation (SaO 2 ) and venular oxygen saturation (SvO 2 ) were higher in the retinopathy eye compared to the fellow eye (101.11 AE 4.26%, versus 94.45 AE 5.79%; p = 0.008) and (62.96 AE 11.05% versus 51.24 AE 6.88%, p = 0.051), respectively. Conclusion: The ionizing radiation seems to have an impact on the TRBF, SaO 2 and SvO 2 , clinically presenting similar to a rapidly developing diabetic retinopathy. The results show an altered retinal vascular physiology in patients with radiation-related retinopathy.
Introduction
Radiation retinopathy (RR) is a chronic progressive vasculopthy developing secondary to the impact of ionizing radiation to the retina (Stallard 1933) . First described in 1933, the common ischaemic retinopathy findings include cotton-wool spots, haemorrhages, microaneurysms, hard exudates and retinal oedema (Stallard 1933; Irvine et al. 1981) . Although progressive ischaemia and proliferative changes mimics that of a fast developing diabetic retinopathy, their pathogenesis is different. RR may develop postradiation therapy using radioactive plaques to treat intraocular tumours (Finger 1997; Krema et al. 2011) or external beam radiotherapy for head and neck cancers (Higginson et al. 2013) .
Plaque brachytherapy is currently the standard treatment for small-to medium-sized choroidal melanomas and selected large melanomas (Melia et al. 2001; Margo 2004; Krema et al. 2011) while larger tumours are often treated with enucleation (Shields & Shields 1993) . Although brachytherapy using 125 Iodine plaques delivers calculated radiation dose that is sufficient to damage tumour cells, it may also have a significant collateral toxicity on the overlying and surrounding healthy retinal tissues, especially blood vessels, which later manifest as progressive vasculopathy (Krema et al. 2011) . Preexisting diabetes, hypertension, old age and proximity of irradiated area to macula or optic nerve head all pose risk factors for ischaemic retinopathy to develop in the irradiated eye (G€ und€ uz et al. 1999; Krema et al. 2011) .
The primary retinal vascular event following radiotherapy is endothelial cell loss followed by vascular occlusion and capillary drop out, which ultimately leads to vascular incompetence and territorial retinal ischaemia (Archer et al. 1991) . Radiation significantly alters the structural and functional aspects of the retinal microvasculature due to compromised blood-retinal barrier (Atebara et al. 2006) . There is a delay of months to years between brachytherapy and development of clinically detectable radiation retinopathy. The current available treatments for radiation retinopathy are similar to those offered to other ischaemic retinopathies, such as intravitreal anti-vascular endothelial growth factor (VEGF) and/ or intravitreal steroid agents or lasers (Giuliari et al. 2011; Reichstein 2015) .
Preclinical detection of the early ischaemic changes may favourably impact the treatment outcomes.
Non-invasive spectral imaging of retinal blood vessels at wavelengths between 500 and 620 nm is utilized in retinal oximetry by incorporating the differences in the spectral absorption characteristic of oxygenated and deoxygenated haemoglobin (Patel et al. 2013) . Colour coded maps of the retinal vascular tree provide qualitative and quantitative assessment of arteriolar and venular blood oxygen saturation. The development of noninvasive SO 2 measurement is a major breakthrough in terms of uplifting our understanding of retinal pathophysiology and might also help in early diagnosis. Recently, retinal blood oxygenation changes were also reported in patients with blood dyscrasia due to myeloproliferative neoplasms using non-invasive retinal imaging (Willerslev et al. 2017) .
In our laboratory, Doppler incorporated Spectral Domain Optical Coherence Tomography (SD-OCT) and Hyperspectral Retinal Camera (HRC) are used to provide noninvasive measurement of total retinal blood flow (TRBF) and blood oxygen saturation (SO 2 ), respectively. The repeatability of these two techniques has been analysed under varying blood gas challenges and the results were previously reported (Cheng et al. 2016; Rose et al. 2016) . Diabetic patients with early retinopathy who were previously evaluated using these two techniques showed lower TRBF and increased arteriolar and venular SO 2 (Faryan et al. 2015; Cheng et al. 2016) . Also, retinal oximetry using HRC showed higher venular SO 2 in patients with primary open angle glaucoma compared to controls (Shahidi et al. 2017 ). The results from our laboratory using these novel techniques are in general agreement with those reported by other investigators (Hammer et al. 2009; Resch et al. 2009; Hardarson & Stefansson 2012) . This is the first study that reports the retinal oxygenation and blood flow changes in early radiation retinopathy post-125 Iodine brachytherapy for uveal melanoma. The retinal blood flow and oxygen saturation measurements was obtained soon after the diagnosis of RR was made as well as prior to any treatment intervention.
Materials and Methods
Ethical approval and subjects Iodine brachytherapy for choroidal melanoma, who were diagnosed at the first manifestation of ischaemic radiation retinopathy as confirmed by expert clinical assessment and wide-field fluorescein angiography were recruited. All subjects were free from media opacity, diabetes, glaucoma and other retinal or choroidal vascular disease. Exclusion criteria included intraocular pressure >21 mmHg, history of ocular surgery, medications with known effects on blood flow except routine anti-hypertensive medication (no change in prescription at least during past 6 months), history of cardiovascular diseases, stroke, myocardial infarction, diabetes, endocrine disorders, smoking, additional retinal diseases (other than RR), previous trans-pupillary thermotherapy or external beam radiotherapy to either eye. Informed consent was obtained from each subject after a thorough explanation of the nature of the study and its possible consequences, according to the tenets of the Declaration of Helsinki. The study comprised a single visit, during which TRBF and SO 2 were measured one after the other in both eyes.
Doppler spectral domain optical coherence tomography (SD-OCT), RTVue
The Doppler SD-OCT (RTVue; Optovue, Inc., Fremont, CA, USA) is a novel prototype instrument with an inbuilt spectrometer that transmits wavelength of 841 nm and a bandwidth of 49 nm. The axial and transverse resolutions are 5.6 and 20 lm, respectively, in tissue. Double circular scans centred on the optic nerve head measure red blood cell velocity over a consecutive 2-second interval. About 3000 A-lines are sampled for each circular scan located at radii of 3.4 and 3.75 mm centred on the optic nerve head (Wang et al. 2011) . The phase differences between the sequential A-lines are used to obtain the Doppler frequency shift (Df) of retinal blood cells, which can be derived as
where n is the refractive index of the medium, V is the velocity of the flow, a is the angle between the flow and incident beam and k 0 is the centre wavelength of the light (Wang et al. 2007) . A total of six scans were acquired for the TRBF measurements, where the blood vessels were identified as arterioles and venules based on the Doppler signal from the OCT images. Vessel area estimation was performed using a semi-automated software (version 2.1.1.4) named Doppler optical coherence of retinal circulation (DOC-TORC). A computer calliper was used to determine the cross-sectional diameter of each retinal vessel within the Doppler OCT image (Wang et al. 2011; Konduru et al. 2012 ). The estimated retinal vessel area along with the measured flow velocity gives the volumetric rate of blood flow for a given vessel in the scan. TRBF was calculated by summing the flow from all valid venules with a detectable Doppler signal Tan et al. 2012 ).
Hyperspectral retinal camera (HRC)
Retinal blood SaO 2 and SvO 2 measurements were achieved using the Hyperspectral Retinal Camera. The HRC (Optina Diagnostics, Montreal, QC, Canada) is a prototype system comprising of a tunable laser source and custom made fundus camera. These two units are in turn connected to a computer that controls the image acquisition protocols, data storage and analysis. The inbuilt calibration system ensures the reproducibility of acquired spectral images at various ranges of predetermined wavelengths. The inbuilt filters enable the acquisition of high-resolution monochromatic fundus images, due to its capability of delivering monochromatic light at a narrow bandwidth of 2 nm. A stack of data cubes containing spectral images are then generated within few seconds for the quantification of retinal blood SO 2 . The chosen wavelengths for retinal vessel oximetry are between 520 and 620 nm at 5 nm steps. Following the spectral image acquisition, the data cubes are then normalized and registered using PHYSPEC software (Photon etc., Montreal, QC, Canada). The technical details of normalization and registration are published previously elsewhere (Patel et al. 2013 ). An inhouse MATLAB (The Mathworks, Natick, MA, USA) code is then used to open a preprocessed data cube in order to extract oxygen saturation data from retinal blood vessels. A single arteriole and venule were chosen along the superior or inferior temporal vessel arcade close to the optic nerve head for retinal blood SO 2 measurement. The chosen vessel was then isolated from rest of the fundus image using an automatic vessel segmentation algorithm (Schindelin et al. 2012) , and the segmented vessel was analysed further to derive the oxygen saturation along the retinal blood vessel.
Study procedures
During the subject's visit, logMAR (logarithm of minimum angle of resolution) visual acuity (VA) and intraocular pressure were recorded for both eyes. After confirming that the systemic blood pressure is within normal limits, both eyes were dilated with one drop of tropicamide 1.0% and then imaged using the Doppler SD-OCT and HRC. The order of instrumentation was systematically varied between subjects.
Statistical analysis
STATISTICA software (StatSoft, Inc., Tulsa, OK, USA) version 13.0 was used for analysing the data. Two-tailed paired t-test was used to compare the results of the retinopathy eye and fellow eye. The level of significance was set to be p < 0.05.
Results
A total of eight patients met the inclusion criteria. The mean age was 55.75 years, SD 12.58 years. All the study subjects were females. The average time between 125 Iodine brachytherapy and the onset of retinopathy was 2.82 years, SD 1.3 years. LogMAR VA in the eye with retinopathy was significantly lower compared to the fellow eye (0.63 AE 0.36 versus 0.04 AE 0.06, p = 0.002). The average systolic and diastolic blood pressures of subjects were 132 AE 15.72 mmHg and 86.3 AE 9.5 mmHg, respectively. The mean heart rate was 73.1 AE 15.0 beats/ minute. The subject's retinal hemodynamic parameters are given in Table 1 . TRBF in the eye with retinopathy was 33.5 AE 12.6 ll/min, significantly lower compared to 50.4 AE 15.3 ll/min in the fellow eye (n = 8, p = 0.013, Fig. 1 ). The venous area and venous velocity in the affected eye were found to be not significantly different compared to the fellow eye, 4.3 AE 1.5 (910 2 mm 2 ) versus 5.41 AE 1.3 (910 2 mm 2 ) and 13.2 AE 3.7 mm/second versus 17.04 AE 8.0 mm/second, respectively. Retinal SaO 2 was found to be significantly (p = 0.008) increased in the retinopathy eye (101.11 AE 4.3%) compared to the fellow eye (94.5 AE 5.8%). Retinal SvO 2 was found to be marginally higher in the affected eye (63.0 AE 11.1%) compared to the fellow eye (51.24 AE 6.9%, p = 0.051). Figure 2 shows the retinal blood SaO 2 and SvO 2 in the retinopathy eye and the fellow eye.
Discussion
The current study demonstrates statistically significant increase in retinal oxygenation and reduction of blood flow in the eye developing radiation retinopathy in comparison with the fellow eye. This could be explained by reduced demand of the retinal tissue itself due to cell death or degeneration processes following radiation insult, thus reducing oxygen demand and therefore lowering flow. Additionally, activation of the coagulation cascade secondary to endothelial cell loss resulting in vascular occlusion may play a role. Later thickening of the blood vessel walls secondary to the deposition of fibrillary or hyaline material results in narrowing of the vascular lumen could also result in reduction of retinal blood flow. Except retinopathic changes, no other structural changes were evident neither in clinical digital photographic images, Doppler SD-OCT nor in oximetry images of the affected eye. Substantial changes in retinal microcirculation could lead to compromised oxygen distribution. In this study, retinal SaO 2 is found to be significantly higher in the eye with retinopathy compared to fellow eye. Decreased oxygen demand due to cell necrosis possibly results in a proportionate decrease in oxygen consumption, which explains the higher SO 2 in retinal vessels. Another explanation for the altered oxygen distribution could be that the capillaries have already lost their endothelial cells secondary to the radiation effect and this could eventually collapse and occlude the vessel, while other vessels might dilate and appear telangiectatic (Irvine et al. 1981; Archer et al. 1991; Atebara et al. 2006) . These dilated capillaries are thought to quickly shunt the blood bypassing the retinal arterioles and venules, thus leaving the tissue deprived of oxygen, leading to ischaemia. It is interesting to note that in diabetic retinopathy, similar pathophysiological mechanism including capillary non-perfusion, arteriovenous shunting and thickening of capillary walls have been reported as plausible reason behind increased retinal blood oxygen saturation (Rilv en et al. 2017) .
Data pertaining to retinal blood flow and oxygenation in RR is very limited. To date, our study is the first to report both the retinal blood flow and oxygenation data in RR. Higginson and Co-Workers previously reported altered retinal blood SO 2 prior to any clinically visible retinopathy in patients who were treated with external beam radiotherapy for head and neck cancer (Higginson et al. 2013) . Our study shows increased retinal blood SO 2 in patients who have already developed retinopathy postplaque brachytherapy for choroidal melanoma. One needs to be cautious in comparing the results between these two studies, as the radiation treatment type and the disease for which the patients were treated in the two studies are entirely different.
Recently, a study comparing OCT angiography of 65 CM patients reported decreased parafoveal capillary density of both superficial and deep capillary plexuses in eyes after plaque radiotherapy in the irradiated eye compared to the non-irradiated eye (Shields et al. 2016 ). More than a decade ago, two experimental animal studies reported the results of early (30 days) and late (180 days) ionizing radiation effects on the retinal circulation in the absence of retinopathy (Roth et al. 1999 and Nguyen et al. 2000) . Red blood cell velocity was reduced, and vessel diameter was decreased following early radiation exposure in hamsters (Roth et al. 1999) ; the later study reported increased red blood cell velocity and increased capillary blood flow, as a late effect to the irradiated hamster retina (Nguyen et al. 2000) .
Ionizing radiation has been reported to damage endothelial cells, cell membranes, organelles and DNA (Archer et al. 1991; Ward 1994; Groenewald et al. 2013) . Histologically, retinal blood vessels have also been shown to exhibit similar changes as seen in irradiated tumour vessels (Archerz & Gardiner 1994) . Radiation damage to blood vessels results in the form of intra retinal vascular leakage and oedema due to vascular incompetence. The vulnerable vessels exhibit capillary wall narrowing and capillary drop out, thus causing localized ischaemia and infarction (Irvine et al. 1981; Archer et al. 1991; Atebara et al. 2006) .
Vascular endothelial cells are most vulnerable to radiation damage by losing their integrity of intercellular tight junctions, making the blood vessels more permeable to macro molecules and leakage of protein and fluids into the tissue (Archer et al. 1991) . Free radical damage due to radiation is accentuated by the higher oxygen tension at the arteriolar side of the retinal microvasculature and also due to the direct exposure of endothelial cells to the ionizing radiation. The developing retinopathy exhibits an early microvascular changes followed by an unpredictable and variable latent period (Archer et al. 1991; Roth et al. 1999; Nguyen et al. 2000) .
Lack of a control group for comparison and a small sample size are possible limitations of this study. However, the data is first to report changes in retinal blood SO 2 in radiation induced retinopathy. This sample of patients with RR is the largest prospective group that we are aware of in the literature. We cannot be sure whether the fellow eye is completely free from the radiation effect. The instruments used to measure retinal SO 2 and blood flow are previously reported to be repeatable under various gas provocation challenges (Cheng et al. 2016; Rose et al. 2016) . The pathophysiology behind radiation induced retinopathy is thought to be microvascular in origin; however, the evidence is yet limited (Hayreh 1970; Irvine et al. 1981; Archer et al. 1991) . Future work is needed to predict these ischaemic changes at an early stage before any clinical or angiographic manifestations using current technologies, which 
